A competition-hybridization assay has been developed for the majority of sequences present in embryonically synthesized histone messenger RNA. The assay permits the first direct demonstration of specific "maternal" messengers in unfertilized sea-urchin eggs. The molecular size of histone messenger RNA stored in the egg appears to be the same as that of histone messenger RNA synthesized by the embryo. Maternal histone messenger RNA is found in the soluble phase of egg homogenates, in the form of ribonucleoprotein particles, unassociated with ribosomes.
Upon fertilization of sea-urchin eggs, a marked increase in the rate of protein synthesis and the number of polyribosomes occurs (1) (2) (3) . Protein synthesis is activated in enucleate half eggs (4) as well as in embryos in which new RNA synthesis has been completely inhibited by actinomycin D (5) . These observations led to the hypothesis that messenger RNAs (mRNA) are synthesized during oogenesis and stored in the cytoplasm of unfertilized eggs for use during embryogenesis (5) . Evidence for the existence of so-called "maternal mRNAs" is largely indirect (4-7). RNA. DNA hybridization has been used to demonstrate the presence of "informational" RNA sequences in eggs of echinoderms and amphibia (8) (9) (10) (11) (12) (13) . A recent report describes the presence in sea-urchin eggs of RNA containing polyadenylate sequences (14, 15) . In no case, however, is there direct evidence for specific maternal mRNAs.
We describe here a competition-hybridization assay for sequences in embryonic histone mRNA. The conditions for competition hybridization differ from those commonly used. In our experiments, in the absence of competitor RNA, a large proportion of the input labeled RNA has hybridized. The conditions therefore represent a significant improvement on previous competition-hybridization assays, which were in RNA excess, and subject to the weakness that the sequences that hybridized might not be representative of the RNA as a whole. Our assay was used to demonstrate the existence of a considerable store of histone mRNA in unfertilized sea-urchin eggs. The molecular size of maternal histone mRNA is similar, if not identical, to that of histone mRNA synthesized by the embryo. The 1.5 min, 1500 X g for 10 min, 5000 X g for 10 min, and 12,000 X g for 15 min .
Preparation of RNA and DNA. Pellets obtained by centrifugation of egg homogenates were suspended directly in Na dodecyl sulfate buffer [0.1 M NaCl-1 mM EDTA-10 mM Tris.HCl (pH 7.5)-0.5% Na dodecyl sulfate]. 12,000 X g supernatants of egg homogenates and the sucrose gradient fractions obtained therefrom (see Fig. 4 ) and from fractionation of polyribosomes were precipitated by addition of 2. (17), followed by treatment with ribonuclease and Pronase (18) . It was prepared for hybridization by sonic shearing, followed by passage through Sephadex G-25 and Bio-Rad Chelex-100 in water. DNA in water was lyophilized and stored at -20°. Average single-stranded molecular weight of sonicated DNA was 1.5 X 105 (19) .
RNA -DNA Hybridization was done in solution in sealed capillary tubes. Hybridization mixtures contained the following components in a final volume of between 5 and 100 ,ul, as indicated: 0.12 M sodium phosphate (pH 6.8), 0.5% Na dodecyl sulfate, 1500 cpm of [3H]uridine-labeled 9S RNA, 4.1 mg/ml of sonicated DNA, and various amounts of unlabeled competitor RNA. Phosphate buffer and Na dodecyl sulfate solutions were treated with Chelex-100 before use. Sealed reaction mixtures were heat-denatured at 1000 for 5 min and then incubated at 700. At times indicated, the capillaries were brought quickly to room temperature and their contents were added to 100 volumes of 0.3 M NaCl-0.03 M trisodium citrate (pH 7.5). Samples were divided and half was treated with 20 ug/ml of RNase A for 30 min at 37°. Acid-precipitable radioactivity in each portion was used to calculate the percentage of input RNA that was in RNase-resistant hybrid form. For competiton studies, the percent hybridization of control reaction mixtures (containing no competitor) was normalized to 100%. For each competition experiment, several controls were prepared. The actual percentage of input RNA hybridized in controls varied between 49 and 56%. (22) . A rapidly labeled 9S mRNA appears in small polyribosomes during cleavage (23) (24) (25) . 9S mRNA contains nearly 50% of the incorporated radioactivity in small polyribosomes.
Numerous properties of the newly synthesized 9S RNA, including new data presented below, strongly suggest that it is identical to the 9S mRNA coding for histones (24, 25) .
9S RNA appears to be complementary to repetitive DNA. Results of RNA * DNA hybridization in DNA excess (Fig. 1 ) confirm earlier reports to this effect (25, 26) . The predicted Cot for half renaturation (Cotl/,) of single-copy sea-urchin DNA is 500-700, assuming an analytical complexity of seaurchin DNA of 5 X 1011 daltons and a Cotl/, for Escherichia coli DNA of 3-4 (27) . About 80% of sea-urchin sperm DNA reassociates at Cot of 100-10,000, consistent with the presence therein of single-copy sequences. 20% renatures rapidly with Cot values up to 100. Labeled 9S RNA forms RNase-resistant hybrids at Cot of 1-100. The Cot1/, (about 7) is 100-times less than that for renaturation of single-copy DNA. Since Cotl/, values for RNA hybridization give underestimates of the DNA reiteration frequency by a factor of [2] [3] (27) , the sequences complementary to 9S RNA must be repeated 200-300 times in A. punctulata. This value is in agreement with recent estimates for two other species of sea urchins, Paracentrotus lividus and Psammechinus milaris, the reported values being 400 and 1200, respectively (26) .
Competition-hybridization, in contrast to the procedure for estimating reiteration, is normally done in RNA excess. Under such conditions, however, only a small fraction of the input RNA forms hybrids, and hence there is no assurance that hybrid-forming sequences represent the RNA population as a whole. We sought, therefore, to obtain conditions of reaction under which a major proportion of input labeled RNA could enter hybrids, while retaining the opportunity for identical unlabeled RNA to compete for sites on the DNA. We allowed constant amounts of labeled 9S RNA to hybridize with increasing amounts of DNA, with final volumes adjusted so that DNA concentration remained constant (Fig. 2) (27) . For 150-250 jug of DNA, complementary sites approach saturation in respect to 1500 cpm of the 9S .RNA preparation (Fig. 2) . With this amount of DNA, about 55% of input RNA formed hybrids (i.e., about 85% of the maximum obtainable). In these circumstances, therefore, the requirement for entry of a major proportion of the input RNA sequences into hybrids is met.
Total RNA from small polyribosomes of morulae competes efficiently with labeled 9S RNA (Fig. 3) . Hybridization is reduced by more than 80%. Each of the experimental points lies close to a theoretical dilution curve (not shown here) constructed from the 50% competition point. It is important to know whether the competition activity in polysomal RNA is due to 9S (unlabeled) RNA. That such is the case was shown as follows: Polysomal RNA was fractionated by sedimentation on a sucrose gradient, and fractions of the (Fig. 3) . The observed competition by egg RNA, which is almost as great as that obtained with RNA from the small polyribosomes of embryos, indicates that nearly all of the sequences present in embryonic 9S RNA are represented in the egg. By comparing the two curves shown in Fig. 3 , we can estimate the relative amount of stored histone mRNA. Because there is little or no rRNA synthesis during early embryogenesis (30) , the total amount of RNA in a 100-cell embryo is not significantly different from that present in the egg. Since RNA from small polyribosomes of 100-cell embryos constitutes about 25% of the total, the data of Fig. 3 indicate that there is about 25% as much histone mRNA stored in the unfertilized egg as is present in the small polyribosomes of a morula.
Fractionation of egg homogenates by differential centrifugation was used to locate maternal histone mRNA. Homogenates in hypotonic medium (0.2 M salt), routinely used for preparing polyribosomes from embryos, and isotonic medium (0.5 M salt) were used. Homogenization in hypotonic medium causes considerable breakdown of pigment granules and yolk T According to Bishop et al. (29) , the sequence size of the RNA is given by (ND/NR) (C/F)/(D/R) were (ND/NR) is the ratio of complementary DNA sequences to RNA sequences, C is the analytical complexity of the total DNA, F is the reiteration frequency of DNA sequences complementary to the RNA, and D and R are the amounts of total DNA and RNA used, respectively. We have assumed that the observed competition of hybridization of labeled 9S RNA by total small polysomal RNA is due to the 1-2% of this RNA that is in fact mRNA, and is not due to the major component of the RNA that is rRNA. granules, whereas 12,000 X g supernatants prepared in isotonic solutions contain little if any pigment or soluble yolk protein. Various amounts of the RNA extracted from the several fractions were tested for competition against labeled 9S RNA (Table 2) . Only the largest amounts tested are tabulated. RNA from some of the particulate fractions did compete, but only when a very large proportion of the RNA in these fractions was used. Substantial competition was obtained, however, with a small proportion of the RNA from 12,000 X g supernatants. It is evident that more than 95% of maternal histone mRNA is in the postmitochondrial fraction, whether or not pigment and yolk granules remain intact.
The postmitochondrial fraction was fractionated further on sucrose gradients (Fig. 4) . Centrifugation time was sufficient to pellet some 80S ribosomes. The 40S ribosomal subunit (fraction III in Fig. 4 ) was resolved as an absorbancy peak. RNA from each of the pooled fractions and from the pellet was tested for competition against labeled 9S RNA (Fig. 4) . Most of the competition activity was found in the postribosomal fractions, at sedimentation values ranging from 20-S50 S. No competition was obtained with RNA extracted from the ribosome pellet. In contrast, when the postmitochondrial fraction was deproteinized before centrifugation, all competition activity was found in a discrete peak that sedimented at about 9 S (Fig. 5 ). These data indicate that maternal histone mRNA is similar if not identical in size to embryonically synthesized histone mRNA, and that it is found as a ribonucleoprotein particle in the postribosomal fraction of egg homogenates.
DISCUSSION
Protein synthesis during early development is directed by newly transcribed templates and by mRNA synthesized during oogenesis and stored inactive in egg cytoplasm (31, 32 RNA was extracted from the fractions as described in Methods and suspended in a small volume of water. Various-sized aliquots of each sample were tested for competition hybridization (see legend to Fig. 3) . Only the largest amounts tested are shown in the table. The relative amount of competitor RNA present in a particular fraction was determined by the use of a dilution curve on which a unit of competition is defined as the amount of RNA that reduces hybridization to 50% of the control value. Fig. 3 ).
urchin embryos. The fact that some histone production occurs even in embryos whose RNA synthesis has been blocked suggested that a portion of these templates might be "maternal" (33, 34) . We have now shown that RNA extracted from eggs does contain sequences indistinguishable by molecular hybridization from those present in embryonically synthesized histone mRNA. Our results have been confirmed independently by assay of the template activity of egg RNA in a heterologous cell-free translation system. Among the many polypeptides produced in response to maternal RNA, histones have been positively identified (35) .
Histone mRNA stored in unfertilized eggs is about 25% of that present in the small polyribosomes of a morula embryo. Maternal histone mRNA is almost certainly stored in the soluble fraction of the egg. There is no evidence that associates these templates with the-small fraction of egg ribosomes that are actively engaged in protein synthesis. We would like to know what mechanisms are used for preventing translation in the egg. A potential source of stabilization might be proteins associated with maternal mRNA. We do not have any evidence that the proteins associated with the maternal histone mRNA in homogenates are specific. Nonspecific complexes of RNA with cytoplasmic proteins form readily (36) . Elucidation of the significance of these ribonucleoproteins must therefore await further purification and translation studies. 
